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Signals from the extracellular matrix are essential for the survival of many cell types. Dominant-negative
mutants of two members of Rho family GTPases, Racl and Cdc42, mimic the loss of anchorage in primary
mouse fibroblasts and are potent inducers of apoptosis. This pathway of cell death requires the activation of
both the p53 tumor suppressor and the extracellular signal-regulated mitogen-activated protein kinases (Erks).
Here we characterize the proapoptotic Erk signal and show that it differs from the classically observed survival-
promoting one by the intensity of the kinase activation. The disappearance of the GTP-bound forms of Racl
and Cdc42 gives rise to proapoptotic, moderate activation of the Raf-MEK-Erk cascade via a signaling pathway
involving the kinases phosphatidlyinositol 3-kinase and Akt. Moreover, concomitant activation of p53 and
inhibition of Akt are both necessary and sufficient to signal anoikis in primary fibroblasts. Our data demon-
strate that the GTPases of the Rho family control three major components of cellular signal transduction,
namely, p53, Akt, and Erks, which collaborate in the induction of apoptosis due to the loss of anchorage.

Elimination by apoptosis is a frequent cellular destiny:
essential in normal physiology, its deregulation is associated
with numerous pathologies, including cancer (56). In the initial
stages of oncogenesis, the loss of cell cycle controls typically
results in the activation of the cellular apoptotic program (13).
Certain cells nevertheless survive and progress to more tumor-
igenic stages that, for some cell types, result in the ability to
survive without signals normally provided by contacts with the
extracellular matrix (ECM). Indeed, survival and proliferation
of normal adherent cells are possible only in the presence of
sustained signaling by both soluble factors and those emanat-
ing from the ECM (recently reviewed in reference 51). Several
pathways participate in transducing survival signals from the
ECM (16, 19, 21). Moreover, these different signal transduc-
tion cascades engage in extensive cross talk (16, 19, 21, 49).
One important and well-studied pathway involves phosphatid-
lyinositol 3-kinase [PI(3)K] and its downstream target, Akt
(15). Numerous Akt substrates have been identified that are
directly related to the control of cellular survival (reviewed in
references 11 and 14). Under some physiological conditions,
Akt represses the Erk mitogen-activated protein kinase (MAPK)
cascade by inactivating phosphorylation of the MAPK kinase
kinases Raf-1 (46, 59) and B-Raf (20). On the other hand,
PI(3)K can activate Erk by stimulatory phosphorylation of Raf
through a pathway which involves the small GTPase Racl and
one of its effectors, the serine/threonine kinase PAK (8). The
relationship between PI(3)K and Racl is complex, since the
kinase can apparently act both upstream and downstream of
the GTPase (3, 45).
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It was recently reported that two Rho family GTPases, Racl
and Cdc42, are intimately involved in the control of survival of
murine fibroblasts linked to adherence to the ECM (30). In-
hibition of either Racl or Cdc42 signaling in adherent cells
mimics the loss of anchorage and efficiently induces apoptosis
in both immortalized and primary cells. This process is depen-
dent on the wild-type p53 tumor suppressor and requires
Erk activation. Here, we report that the inhibition of Racl
or Cdc42 signaling leads to Erk activation via a pathway in-
volving PI(3)K, Akt, Raf, and MEK but not Ras. These results
delineate a novel pathway of apoptotic signaling initiated as a
consequence of the loss of the GTP-bound forms of Rho fam-
ily GTPases.

MATERIALS AND METHODS

Plasmids. The plasmids encoding the constitutively active and the dominant-
negative forms of Racl and Cdc42, dominant-negative N-WASP, wild-type p53,
and truncated rat CD2 have been previously described (30), as have those
encoding hemagglutinin (HA)-tagged myristoylated Akt and Akt K179M (15).
pcDNA3 HA-AKT T308AS473A was kindly provided by M. Vandromme,
pcDNA3-RasN17 was provided by S. Roche, Raf-1-CAAX was provided by C.
Marshall (35), pDCR-RasV12 was provided by M. White, and MKP3C/S (mu-
tated form of MAPK phosphatase 3) was provided by P. Lenormand (4). In all
of the above plasmids, expression is under the control of the early cytomegalo-
virus promoter.

The pcDNA3/HA1-KsrCAS5 construct was obtained by subcloning the EcoRI
fragment containing the kinase domain of mKsr-1 (CAS) from the pGBT-9/
KsrCAS construct (12) into the EcoRI site of the pcDNA3-HA1 vector.

The pEF/myc-B-Raf construct was obtained by subcloning the BarmHI-HindIIl
fragment of pcDNA3/B-Raf (41) into a derivative of the pEFpLink2 vector (35)
partially digested with BamHI and HindIII.

The pcDNA3/HA1-NB-Raf construct, encoding the N terminus of quail B-Raf
from Met 1 to Arg 443, was obtained as described previously (6).

Cell culturing and transfection. Early-passage mouse embryonic fibroblasts
(MEFs) were cultured in Dulbecco modified Eagle medium supplemented with
10% fetal calf serum (FCS) in 5% CO, at 37°C. Transfections into subconfluent
cells were performed using Fugene 6 as recommended by the supplier (Boehr-
inger Mannheim).
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For experiments involving placing cells in suspension, exponentially growing
MEFs were trypsinized, centrifuged, resuspended in complete culture medium at
10° cells/ml, and placed for various times in culture dishes over a layer of 1%
tissue culture agar (Gibco-BRL), preequilibrated overnight with complete cul-
ture medium. Cell viability was assayed by trypan blue exclusion.

Apoptosis assay. Apoptotic cells in transfected subpopulations were quantified
basically as previously described (29).

Briefly, MEFs were cotransfected with the appropriate expression plasmids
and a plasmid encoding a truncated form of rat CD2 antigen, lacking the intra-
cytoplasmic domain. The cells were cultured for various times in medium sup-
plemented with 10% FCS, after which floating and adherent cells were harvested,
pooled, and centrifuged. The pellets were taken up in Annexin V binding buffer
and incubated with Annexin V-FLUOS (Boehringer Mannheim) as specified by
the manufacturer. The cells were then fixed in 3.7% formaldehyde (Sigma),
rinsed with phosphate-buffered saline (PBS), incubated at room temperature for
2 h with biotinylated anti-rat CD2 antibody (OX-34; Cedarlane), rinsed with
PBS, and incubated for 30 min with Streptavidin-Tri Color (Caltag). The quan-
tification of apoptosis in transfected-cell populations was done by immunofluo-
rescence microscopy. All assays were performed a minimum of three times.

Immunoblotting. Cells were lysed in sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) loading buffer, and proteins were separated by
SDS-PAGE, transferred to nitrocellulose membranes, and incubated with pri-
mary antibodies as recommended by the supplier (New England Biolabs) and
rabbit peroxidase-conjugated secondary antibody (Sigma). The immune com-
plexes were detected by enhanced chemiluminescence.

In vitro kinase assays. Erk2 and Akt assays were performed as previously
described (47). B-Raf kinase activity was assayed by a coupled in vitro assay (1).
Briefly, cells transfected with myc epitope-tagged B-Raf and dominant-negative
GTPases were starved in medium containing 0.5% FCS for 16 h and lysed.
myc-B-Raf was immunoprecipitated with anti-myc monoclonal antibody (9E10)
and incubated with 0.1 ug of glutathione S-transferase (GST)-MEKI (Upstate
Biotechnology) for 20 min at room temperature. The resin was removed by
centrifugation, the supernatant was incubated sequentially with 0.1 wg of GST-
Erk (Upstate Biotechnology) for 10 min and then with 3 pg of myelin basic
protein (MBP) and [y->*P]ATP for 20 min. Reactions were stopped with SDS-
PAGE sample buffer, and the products were resolved by gel electrophoresis.

Signal intensities were quantified with a PhosphorImager (Molecular Dynam-
ics) and normalized by the levels of expression of the transfected tagged kinases,
as assayed by immunoblotting with the anti-HA (12CAS5) or anti-myc (9E10)
monoclonal antibody.

Kinase assays were performed with serum-starved cells in order to improve the
sensitivity of the assays. We verified that both anoikis and RacN17- or CdcN17-
induced apoptosis occur similarly in the presence and absence of serum, although
cell death is accelerated in the latter case. All assays were performed at least
three times, and representative experiments are shown.

In-gel kinase assay. Erk activity was assayed as described by Chao et al. (7).
Briefly, cells were lysed in buffer containing 20 mM Tris (pH 7.5), 137 mM NaCl,
2 mM sodium pyrophosphate, 1% Triton X-100, 10% glycerol, 1 mM Na;VO,,
25 mM B-glycerophosphate, and a cocktail of protease inhibitors. Proteins were
separated on SDS-10% polyacrylamide gels containing 0.5 mg of rabbit MBP/ml.
Following electrophoresis, the gels were fixed in 20% isopropanol in 50 mM
HEPES (pH 7.4)-5 mM 2-mercaptoethanol and rinsed. The proteins were de-
natured by two incubations for 30 min each in 6 M guanidine hydrochloride in
50 mM HEPES (pH 7.4)-5 mM 2-mercaptoethanol. The renaturation was car-
ried out at 4°C over 20 h with two changes of buffer containing 50 mM HEPES
(pH 7.4)-5 mM 2-mercaptoethanol-0.04% Tween 20. The gels were preincu-
bated for 30 min at room temperature in kinase buffer (25 mM HEPES [pH 7.4],
10 mM MgCl,, 5 mM 2-mercaptoethanol, 90 uM Na3;VO,), and the reaction was
performed with 10 ml of the same buffer containing 125 uCi of [y-3?PJATP for
30 min at room temperature. After extensive washing in 5% trichloroacetic acid
(TCA)-10 mM sodium pyrophosphate, the gels were dried and radioactivity was
revealed by PhosphorIlmager analysis.

GTPase loading assays. Ras family GTPase activity assays were performed as
described previously (40). In brief, 3 X 10° cells were grown in 10-cm dishes for
24 h; when needed, they were further cultured in the absence of adhesion on
agar-coated dishes. The cells were then lysed, and the supernatants were
incubated at 4°C for 30 min with GST-PAK fusion protein containing the Rac
binding domain of human PAKI1B (amino acids 56 to 272) coupled to glutathi-
one-Sepharose beads (Pharmacia Biotech) for Racl and Cdc42 assays or a
fusion protein containing GST and the Ras binding domain of RalGDS
(RalGDSRBD) for Ras assays. Precipitated complexes were washed three times
with lysis buffer (40), eluted in SDS-PAGE sample buffer, immunoblotted, and
analyzed with antibodies specific for Racl, Cdc42, or Ras (Transduction Labo-
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ratories). Aliquots taken from supernatants prior to precipitation with GST
fusion proteins were used to quantify total GTPases present in cell lysates.

Immunofluorescence. Indirect immunofluorescence was performed as de-
scribed by Brunet et al. (4). Briefly, cells were cultured and transfected on
coverslips. For detection of Erk, cells were fixed and permeabilized by incubation
with methanol-acetone (70:30) at —20°C for 15 min. For phosphorylated Erk
(phospho-Erk) detection, cells were fixed in 10% paraformaldehyde at room
temperature for 15 min, followed by permeabilization with methanol (10 min at
—20°C). Both treatments allowed efficient detection of myc epitope-tagged
MKP3C/S. The myc epitope was detected with a monoclonal antibody (9E10)
and a secondary antibody conjugated to fluorescein isothiocyanate. Erk and
phospho-Erk were detected with polyclonal antibodies (New England Biolabs)
followed by biotin-conjugated secondary antibody and Texas red-labeled strepta-
vidin (Amersham).

RESULTS

Erk is transiently activated following detachment of MEFs
from the extracellular matrix. Mouse primary fibroblasts enter
apoptosis upon loss of contact with the ECM. The cells can be
rescued by activated forms of either Racl or Cdc42 GTPases
(30). Consistent with this finding, cells placed in suspension
lose the GTP-bound form of Racl and Cdc42 (Fig. 1A and B).
This effect is not limited to Rho family GTPases, since the
levels of GTP-bound Ras also decrease in anchorage-deprived
cells (Fig. 1C). We observed a substantial decrease in the
proportions of active GTPases after 12 h of culturing in sus-
pension (85, 55, and 35% inhibition for Cdc42, Racl, and Ras,
respectively, in the experiment shown in Fig. 1) and a further
decrease after 24 h relative to the values observed for cells
grown attached to the substratum (0-h control point). As ex-
pected, the loss of GTP-bound forms of the Rho GTPases
preceded a late manifestation of death of cells in suspension
(15.5% = 0.5% [mean and standard deviation {SD}] trypan
blue-permeable cells at the 12-h time point) (Fig. 1D).

It was previously shown that inhibition of the Erk cascade
inhibits apoptosis of cells deprived of anchorage (30). Conse-
quently, we studied Erk activation following the loss of ad-
herence (Fig. 2). The activated form of Erk was detected by
immunoblotting with an antibody directed specifically against
the phosphorylated forms of Erkl and Erk2. Placing MEFs in
suspension in medium containing 10% FCS led to an initial
decrease in the level of phospho-Erk followed by a transient
peak of the active form of Erk, whose onset varied between 12
and 15 h in different experiments (Fig. 2A). This increase in
the level of phospho-Erk reflected increased kinase activity
(Fig. 2B). While the activation was modest relative to the basal
activity observed in adherent cells, it was highly reproducible.
It is presumably physiologically significant, since PD98059, a
pharmacological inhibitor of MEKI1, the Erk-activating kinase,
promotes the survival of anchorage-deprived cells (30; data not
shown).

Nuclear translocation of activated Erk is essential for apo-
ptotic signaling by dominant-negative forms of Cdc42 and
Racl. Inhibition of Racl or Cdc42 signaling in adherent cells
mimics the effects of loss of adherence to the ECM (30). We
therefore determined whether the extinction of these GTPases
in monolayer cell cultures also led to the activation of Erk (Fig.
3A). Adherent MEFs were cotransfected with HA-tagged Erk2
and one of the following constructs: a dominant-negative mu-
tant of Racl (Rac1N17); a dominant-negative mutant of Cdc42
(Cdc42N17); a Cdc42-interacting domain of N-WASP, which
acts as an inhibitor of endogenous Cdc42 (N-WASP DN) (30);
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FIG. 1. Loss of anchorage leads to inactivation of Ras family
GTPases and apoptosis. Mouse primary fibroblasts were kept in sus-
pension over a layer of 1% agar in culture medium supplemented with
10% FCS. At the indicated times, cells were collected and lysed, and
the GTP-bound form of the GTPases was precipitated as described in
Materials and Methods. (A) Racl-GTP precipitated with GST-PAK1
and total Racl present in the lysates were analyzed by immunoblotting
with an anti-Racl antibody. The histogram represents the relative
proportions of GTP-loaded Racl, with the 0-h time point being arbi-
trarily set as 100% loading. (B) Cdc42 was analyzed as described in
panel A with an anti-Cdc42 antibody. (C) Ras-GTP loading was as-
sayed as described in panels A and B using GST-RalGDSRBD to bind
the GTPase. (D) At the indicated times, cells were collected, and their
viability was assayed by trypan blue exclusion. The results represent
means and SDs from three experiments.
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a constitutively activated form of H-Ras (RasV12), used as a
positive control; or an empty pcDNA3 vector, used as a neg-
ative control. Erk2 activity was assayed 24 h later by in vitro
phosphorylation of MBP following Erk immunoprecipitation
with an anti-HA antibody. As expected, RasV12 strongly acti-
vated Erk, as did the inhibition of either Racl or Cdc42;
however, the latter effect was never as strong as that obtained
with RasV12. In all instances, the MEKI1 inhibitor PD98509
blocked Erk activation (Fig. 3B). It is noteworthy that both
inhibitors of Cdc42 signaling that we have used, which have
totally different modes of action, led to Erk activation. It was
previously shown that they are indistinguishable in inducing
apoptosis in primary mouse fibroblasts (30).

We wished to determine if proapoptotic Erk signaling re-
quired its nuclear translocation. We therefore assayed the ef-
fects of the retention of Erk in the cytoplasm by a mutant form
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of MAPK phosphatase 3, MKP3C/S. MKP3C/S localizes to the
cytoplasm and, despite its lack of phosphatase activity, retains
the ability to bind activated Erk. As a consequence, it anchors
active Erk in the cytoplasm, preventing phosphorylation of the
nuclear substrates of Erk but allowing phosphorylation of its
cytoplasmic targets (4). We confirmed that, for control cells
kept in low levels of serum, Erk is detected in the cytoplasm
and there is little phospho-Erk labeling (Fig. 4A, panels ¢ and
g). Upon stimulation with 20% FCS, phospho-Erk accumulates
in the nucleus within 10 min of treatment, while the maximal
accumulation of total Erk in the nucleus occurs 2 h after
stimulation (Fig. 4A, panels d and h). Under the same
conditions, there is no detectable Erk translocation in cells
transfected with MKP3C/S (Fig. 4A, panels b and d), but
Erk activation takes place, as judged by cytoplasmic phospho-
Erk-specific immunofluorescence (Fig. 4A, panels f and h).
Notably, transfection of MKP3C/S protected cells from the
apoptotic effects of dominant-negative forms of Racl or Cdc42
(Fig. 4B and C). These data confirm the requirement for Erk
signaling in apoptosis induction in our experimental system
(30). Furthermore, they strongly suggest that the nuclear sub-
strates of Erk are involved in proapoptotic signaling.
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FIG. 2. Erk phosphorylation status in anchorage-deprived MEFs.
Cells were kept in suspension over a layer of 1% agar in culture me-
dium supplemented with 10% FCS. (A) At the indicated times, cells
were collected and lysed, and proteins were analyzed by immunoblot-
ting. Activated Erk was detected by its phosphorylation status using an
antibody specific for Erk1 and Erk2 doubly phosphorylated on Thr 202
and Tyr 204 (ERK-P). (B) At the indicated times, cells were collected,
lysed, and electrophoresed in MBP-containing SDS-polyacrylamide
gels. After renaturation, kinase activity was revealed by MBP phos-
phorylation in situ. Band intensities were quantified by scanning with
a PhosphorImager and are represented as the ratio of activated Erk to
total Erk, with the ratio found in exponentially grown adherent cells set
as 100%. For the Western analysis, the results are presented as means
and SDs from three experiments.
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FIG. 3. Inhibition of Racl or Cdc42 signaling in adherent MEFs activates Erk. (A) Exponentially growing cells were cotransfected with vectors
coding for an HA-tagged Erk2 construct and one of the following: dominant-negative form of Racl (RacIN17), dominant-negative form of Cdc42
(Cdc42N17), N-WASP DN, constitutively active Ras (RasV12), or pcDNA3 as a negative control. At 24 h after transfection, cells were serum
starved by culturing in medium supplemented with 1% FCS for 16 h and lysed, and HA-Erk2 was immunoprecipitated with anti-HA monoclonal
antibody 12CAS. Kinase activity was assayed by in vitro phosphorylation of GST-MBP (upper panel). Erk2 activation was normalized (lower panel)
relative to the total amount of transfected HA-Erk2, as quantitated by immunoblotting with antibody 12CA5 (middle panel). (B) Analysis like that
in panel A, except that the MEK1 inhibitor PD98059 (20 pM) was included in the culture medium.

Dominant-negative mutants of Cdc42 and Racl activate Erk
via Raf. MEK activation by the Raf family of MAPK kinase
kinases is sensitive to overexpression of the kinase domain of
KSR, which forms a stable complex with MEK, thereby pre-
venting its phosphorylation by Raf proteins (12). Similarly, in
our system, transfection of the vector expressing only the ki-
nase domain of mKsr-1 (CAS5) strongly inhibited Erk activation
by RasV12 in primary fibroblasts (Fig. SA). Notably, KstCAS
also inhibited Erk activation due to the extinction of Cdc42
(Fig. 5B) or Racl (Fig. 5C) signaling. These results suggested
that a Raf protein was implicated in the signal emanating from
dominant-negative mutants of Racl and Cdc42 and leading
to Erk activation. To confirm this interpretation, we over-
expressed a dominant-negative mutant of Raf, NB-Raf, which
lacks the catalytic domain of the kinase. As expected (Fig. SA),
NB-Raf strongly inhibited Erk activation by RasV12. Likewise,
this dominant-negative mutant of Raf inhibited Erk activation
due to the extinction of Cdc42 (Fig. 5B) or Racl (Fig. 5C) sig-
naling. To further confirm that the inhibition of Rho GTPases
could result in Raf activation in primary fibroblasts, we tested
the effects of dominant-negative mutants of Cdc42 and Racl
on the kinase activity of a myc epitope-tagged B-Raf protein.
The results (Fig. 5D) indicate that both mutants led to the ac-
tivation of Raf, as measured by an in vitro kinase assay. Thus,
the signal transduction pathway leading from the extinction of
Cdc42 and Racl GTPases to Erk involves both Raf and MEK.

We next examined whether Ras, which acts upstream of Raf
in growth factor and integrin signaling, was also responsible
for Raf activation in the pathway linking GDP-bound Rho
GTPases to Erk. To this end, we transiently coexpressed the
dominant-negative form of Ras (RasN17) with the dominant-
negative form of Cdc42 or Racl (Fig. 5E). The presence of
RasN17 alone had no detectable effect on basal Erk activity.
The construct had biological activity, since its coexpression
with constitutively active Ras (RasV12) gave rise to 50% inhi-
bition of Erk activation. However, the presence of RasN17 had
no effect on Erk activation by the dominant-negative forms
of Cdc42 and Racl. We verified that there were no signifi-

cant variations in the levels of expression of the transfected
GTPases in the different cotransfections (Fig. SF). Our data
suggest, but do not formally prove (34), that Ras does not par-
ticipate in the signal transduction pathway leading from dom-
inant-negative forms of Cdc42 and Racl to the Raf-MEK-Erk
cascade.

Akt is involved in survival signaling by Rho GTPases. The
serine/threonine kinase Akt is implicated in survival signaling
due to adhesion of cells to the ECM (27). This implication led
us to examine the effect of anchorage loss on the level of ac-
tivation of endogenous Akt in MEFs (Fig. 6A), as judged by
the relative amount of the enzyme phosphorylated on serine
473. The loss of attachment led to a rapid decrease in the level
of this phosphorylated form of Akt in primary fibroblasts. In
particular, the level of active Akt dropped to 10 to 15% of that
present in exponentially growing adherent cells after 12 h of
culturing in suspension. The loss of Akt activity compromised
cell viability, since forced expression of the membrane-tar-
geted, myristoylated form of the kinase significantly sup-
pressed apoptosis in suspended MEFs (Fig. 6B).

To determine if Racl and Cdc42 GTPases had any effect on
the kinase activity of Akt, we coexpressed constitutively active
forms of the GTPases (Rac1V12 and Cdc42V12) together with
HA-tagged wild-type Akt in adherent MEFs (Fig. 7A). At 24 h
after transfection, Akt was immunoprecipitated with the
anti-HA antibody, and its activity was assayed in vitro. Both
GTPases activated Akt in a manner dependent on PI(3)K,
since the PI(3)K pharmacological inhibitor L'Y294002 totally
abolished Akt activation by Racl and Cdc42.

Next we examined whether the inhibition of Rho GTPases
leads to diminished Akt activity. Clostridium difficile toxin B is
a specific inhibitor of Racl, Cdc42, and RhoA GTPases (24).
Culturing of MEFs in medium containing 0.1 ng of toxin B/ml
leads to detachment of cells within 24 h, followed by death
(data not shown). The data presented in Fig. 7B show that this
treatment also leads to a strong inhibition of Akt kinase activ-
ity, visible within 2 h of treatment and highly significant from
6 h onward. Although Racl and Cdc42 are not the only sub-
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FIG. 4. Cytoplasmic retention of activated Erk inhibits RacN17-
and Cdc42N17-induced apoptosis. (A) Adherent MEFs were trans-
fected with myc epitope-tagged MKP3C/S. After 24 h, the cells were
starved by culturing in medium containing 1% FCS for 24 h (panels a,
c, e, and g) and then were stimulated with 20% serum for 10 min
(panels f and h) or 2 h (panels b and d). Cells were stained with
anti-ERK antibody (panels ¢ and d) or anti-phospho-ERK antibody
(panels g and h). The transfected cells (arrowheads) were identified by
immunofluorescence detection of myc-MKP3C/S (panels a, b, e, and
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strates of C. difficile toxin B, these results are consistent with
the model in which the inhibition of these GTPases leads to a
decrease in the activity of Akt. Taken together, these data
show that PI(3)K and Akt act downstream of Racl and Cdc42
in the control of cellular survival following the loss of ECM
contact.

Inhibition of Akt activates Erk. It has recently been reported
that Akt can modulate the Erk cascade via inhibitory phos-
phorylation of both Raf-1 and B-Raf (20, 46, 59). It seemed
possible that decreased Akt activity, resulting from the inhibi-
tion of Rho GTPases, could account for the Erk activation that
we observed. To test this idea, we used two different dominant-
negative Akt mutants: kinase-dead Akt K179M and Akt
T308AS473A (AktAA), in which alanine residues replace the
residues that are found to be phosphorylated in the active form
of the enzyme and that are critical for the maintenance of Akt
activity. The dominant-negative effect of these mutants was
verified by their ability to inhibit wild-type Akt activity (data
not shown). The two Akt mutants were expressed in adherent
MEFs together with the HA-tagged Erk2 construct. At 24 h
after transfection, Erk2 was immunoprecipitated, and its activ-
ity was assayed in vitro. As shown in Fig. 8A, both Akt mutants
gave rise to increased Erk2 activity.

If inhibition of Akt leads to Erk activation and to apoptosis
in the context of the lack of Racl or Cdc42 signaling, we
reasoned that myristoylated form of Akt should prevent Erk
activation and apoptosis induction by dominant-negative forms
of these GTPases. To test this prediction, we coexpressed the
dominant-negative form of either Cdc42 or Racl together with
myristoylated Akt in MEFs. The constitutively active Akt in-
deed inhibited Erk activation (Fig. 8B) and promoted the
survival (Fig. 8C) of cells expressing RacN17 or Cdc42N17
GTPase.

Since we have shown that inhibitory forms of Cdc42 and
Racl control Akt activity but also contribute to the Erk kinase
cascade on the level of Raf, it was important to test whether
the Raf/MEK pathway was involved in the release of Erk
inhibition by inactive Akt. We found that Erk activation by an
inhibitory form of Akt was strongly diminished by mKsr-1
(CAS) (Fig. 8D). It would thus appear that attenuation of Racl
or Cdc4?2 signaling, either by loss of anchorage or by overex-
pression of the dominant-negative forms of the GTPases, sig-
nals to Raf via Akt inhibition and thereby culminates in tran-
sient activation of Erk.

Inhibition of Akt, together with activation of the pS3 tumor
suppressor, is sufficient for the induction of apoptosis in pri-
mary fibroblasts. It was previously shown that the extinction of
Racl or Cdc42 signaling led to the activation of Erk and of the
pS3 tumor suppressor and that both were necessary for the
ensuing apoptosis (30). Here, we show that Erk activation is

f). Bar, 10 pwm. The results shown are representative of four indepen-
dent experiments. (B) Adherent cells were cotransfected with the
indicated constructs and truncated rat CD2 as a marker of transfec-
tion. Apoptosis in the transfected-cell population was assayed by the
Annexin V binding assay. The results represent the means and SDs
from two independent experiments performed in triplicate. (C) West-
ern blot analysis of the levels of expression of the myc epitope-tagged
GTPases with the different cotransfection combinations.
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FIG. 5. Inhibition of Racl or Cdc42 signaling in adherent MEFs activates Erk via the MAPK kinase kinase Raf. (A to C and E) Exponentially
growing cells were cotransfected with a vector coding for an HA-tagged Erk2 construct and vector pcDNA3 (control) or a plasmid encoding either
a constitutively active form of Ras (RasV12) (A) or a dominant-negative form of Cdc42 (CdcN17) (B), Racl (RacN17) (C), or Ras (RasN17) (E).
Dominant-negative mutants of mKsr-1 (CAS) and B-Raf (NB-Raf), which prevent MEK activation by Raf proteins, were included as indicated.
At 24 h after transfection, the cells were serum starved by culturing in medium containing 1% FCS for 16 h, lysed, and immunoprecipitated with
anti-HA monoclonal antibody 12CAS. Erk2 kinase activity was assayed by in vitro phosphorylation of GST-MBP and normalized relative to the
total amount of transfected HA-Erk, quantitated by Western blotting with antibody 12CAS5. (D) Cells were transfected with vectors encoding the
indicated GTPases or empty vector pcDNA3 as a negative control and a construct coding for myc epitope-tagged B-Raf. After 24 h, cells were
starved for serum for 16 h, lysed, and incubated with anti-myc monoclonal antibody 9E10. Raf activity in the immunoprecipitate was measured by
an indirect kinase assay based on serial additions of purified GST-MEKI1, GST-Erk2, and GST-MBP. The total amount of myc epitope-tagged
B-Raf protein was estimated by immunoblotting with antibody 9E10 and was used to normalize the kinase activity. (F) Western blot analysis
indicating the level of expression of the GTPases in the different cotransfections. RacIN17 and Cdc42N17 are tagged with a myc epitope, RasV12

is tagged with HA, and RasN17 is not tagged.
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FIG. 6. Akt activity is regulated by anchorage. (A) Exponentially
growing MEFs were deprived of anchorage by culturing in complete
medium over a layer of 1% agar. At the indicated time points, cells
were collected, lysed, and analyzed by immunoblotting with polyclonal
antibodies directed against Akt phosphorylated on serine 473 (P-Akt)
or Akt (total Akt). A Western blot and a histogram from a represen-
tative experiment are shown. (B) Exponentially growing MEFs were
cotransfected with an expression vector encoding a myristoylated form
of Akt (Akt-myr) or an empty vector as a control. After 24 h, the cells
were trypsinized and placed in suspension over a layer of 1% agar for
18 h. Cell viability was assayed by Annexin V-fluorescein isothiocya-
nate labeling in the transfected population identified by anti-CD2
staining. Results represent the mean and range for two independent
experiments.
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mediated by inhibition of Akt. In order to determine whether
simultaneous activation of p53 and inhibition of Akt were
sufficient to elicit the apoptotic response, we cotransfected
MEFs with dominant-negative mutants of Akt and wild-type
p53. Apoptosis in the transfected subpopulation of cells was
quantified; it was identified by the expression of the cotrans-
fected CD2 marker. As shown in Fig. 9, inhibition of Akt sig-
naling together with p53 overexpression (Akt179M + p53 or
AKtAA + p53) led to an apoptotic response indistinguishable
from that induced by inhibition of Cdc42 or Racl, while nei-
ther p53 nor Akt mutants were significantly toxic on their own.
The Erk cascade appears to be an effector of this apoptotic
response, since death was alleviated by the concomitant pres-
ence of PD98509 (Fig. 9). Furthermore, Rho GTPases and Akt
seem to lie on the same pathway of apoptosis signaling, since
the simultaneous inhibition of both does not significantly in-
crease the apoptotic response (Fig. 9, CdcN17 + Akt179M and
RacN17 + Akt179M). Thus, simultaneous loss of Akt activity
and p53 activation appear to be both necessary and sufficient
for apoptosis induction by dominant-negative forms of Cdc42
and Racl.

Apoptotic response as a function of the intensity of Erk sig-
naling. It has been shown that relatively modest Erk activation,
which results from the inhibition of Racl and Cdc42 or Akt
signaling, is required for the apoptotic response of primary
mouse fibroblasts (30; this work). On the other hand, numer-
ous reports in the literature show that Erk activation plays a
protective role, including in the context of anoikis. A possible
explanation for this discrepancy would be different cellular re-
sponses to modest and strong Erk cascade activation. We used
a membrane-targeted form of Raf (Raf-CAAX) to test this
hypothesis. As expected, expression of this construct in MEFs
gives rise to strong constitutive Erk activation (Fig. 10A) with-
out any apparent toxicity, either by itself or in conjunction with
wild-type p53 expression. Furthermore, Raf-CAAX expression
protects cells from apoptosis induced by inhibitory forms of
Racl or Cdc42 GTPases (Fig. 10B). It would thus appear that
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FIG. 7. Akt acts downstream of Racl and Cdc42. (A) HA-tagged Akt was expressed in exponentially growing MEFs together with a consti-
tutively active form of Racl or Cdc42 or empty vector pcDNA3 as a control. Where indicated (+ LY), L'Y294002 (50 uM), a pharmacological
inhibitor of PI(3)K, was added to the culture medium. After 24 h, HA-Akt was immunoprecipitated, and its activity was assayed in vitro by phos-
phorylation of histone H2B. (B) Adherent MEFs were cultured in complete medium containing 0.1 ng of C. difficile toxin B/ml. At the indicated
times, the cells were lysed and analyzed by immunoblotting for the presence of Akt phosphorylated on serine 473 (P-Akt) and total Akt. The blots
were scanned, and the relative level of phosphorlyated Akt was plotted as a percentage of the control (no toxin B treatment), arbitrarily set as 100%.
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FIG. 8. Dominant-negative Akt mutants lead to Erk activation. (A) MEFs were cotransfected with either of two Akt dominant-negative
mutants, Akt K179M or Akt T308AS473A (AktAA), or an empty vector as a negative control. The cells were processed as described in the legend
to Fig. 3A. (B) Cells were transfected with an HA-tagged Erk2 construct, a dominant-negative mutant of either Racl or Cdc42, or a myristoylated
form of Akt (Akt-myr). At 24 h after transfection, cells were lysed, HA-Erk was immunoprecipitated, and its kinase activity was measured. (C) MEFs
were cotransfected with a truncated rat CD2 antigen and either pcDNA3 as a negative control or a dominant-negative form of Racl or Cdc42
(RacN17 or CdeN17). A myristoylated form of Akt (Akt-myr) was also included where indicated. Cell survival was quantitated by Annexin V labeling
of the transfected subpopulation identified by anti-CD2 staining. Results represent means and SDs for three experiments. (D) Cells were
transfected with HA-tagged Erk2 and the HA-tagged Akt K179M mutant with or without m-Ksrl (CAS). Erk2 kinase activity was assayed as

described in the legend to Fig. 3A.

while modest Erk activation is required for apoptosis in our
experimental system, the more substantial intensity of Erk
signaling is indeed protective, in agreement with data reported
by others (31, 48).

DISCUSSION

Loss of anchorage leads to inactivation of multiple signal
transduction pathways (recently reviewed in reference 2). Our
results show that Racl and Cdc42 are key elements in control-
ling the ensuing apoptosis. Interestingly, there is no hierarchi-
cal organization of apoptosis signaling through these two path-
ways; rather, they appear to act in parallel (results not shown).
We have used two different inhibitors of Cdc42 signaling:
Cdc42N17 and N-WASP DN. Their modes of action are ex-
pected to be totally different: inhibition of the upstream ex-

change factors for Cdc42N17 and sequestration of the GTP-
bound form of the GTPase for N-WASP DN. The fact that
they give identical results both in assays of the induction of
apoptosis (30) and in the activation of downstream signaling
pathways (this work) strongly argues that their effects are phys-
iologically significant.

We have identified two events required downstream of these
GTPases, which together are necessary and sufficient for anoi-
kis, namely, activation of the p53 tumor suppressor and inac-
tivation of the serine/threonine kinase Akt. Both events are
known to sensitize cells to apoptosis, but neither one alone is
sufficient to kill primary cells. The mechanism of p53 activation
during anoikis is currently under investigation. It is indepen-
dent of the Erk cascade, since it is not altered in the presence
of pharmacological inhibitors of MEK, PD98509 and UO126
(results not shown). In the present work, we dissected the
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FIG. 9. Inhibition of Akt, in conjunction with p53 activation, mim-
ics apoptosis induction by dominant-negative forms of Racl and Cdc42.
Exponentially growing MEFs were cotransfected with truncated rat CD2
and a combination of the following constructs, as indicated below the
bars: a dominant-negative Cdc42 mutant (CdcN17), a dominant-neg-
ative Racl mutant (RacN17), wild-type p53 (p53), a kinase-dead Akt
mutant (Akt179M), and an inactive Akt mutant (AktAA). Empty
vector pcDNA3 was used as a control. Where indicated, the MEK
inhibitor PD98059 (20 uM) was included in the culture medium. At
48 h after transfection, apoptotic cells in the transfected subpopula-
tions were scored by Annexin V labeling. The data represent the
means and SDs from three experiments.

signal transduction pathway leading from loss of the GTP-
bound and, consequently, accumulation of the GDP-bound
forms of the Rho GTPases to Erk via Akt. We have not
investigated whether other Akt effectors known to participate
in apoptosis control (reviewed in reference 11) are also instru-
mental in our experimental system. Rather, we have concen-
trated on the Erk pathway, whose role in the control of apo-
ptosis remains controversial. Indeed, it is generally considered
that Erk activation is associated with cellular survival, while the

A B
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stress-activated jun N-terminal kinase cascade often correlates
with induction of apoptosis (recently reviewed in reference 9).

The signaling pathways described in the present work have
been elucidated largely, but not exclusively, in adherent cells by
the use of appropriate dominant-negative mutants. Although
all signaling cascades affected by placing cells in suspension are
clearly not involved in cellular responses to the inhibition of
Rho GTPases in a monolayer cell culture, we have identified a
subset of these pathways which are similarly affected under
both experimental conditions. These include the loss of GTP
loading of Rho GTPases, activation of p53, inhibition of Akt
signaling, and moderate Erk activation. Importantly, these sig-
naling pathways are sufficient for the induction of apoptosis in
adherent cells. It thus appears legitimate to use a simpler ex-
perimental system, based on a monolayer cell culture, to study
some of the signaling pathways involved in the control of anoikis.

The role of p38, another stress-activated MAPK positively
regulated by active Racl and Cdc42 GTPases, seems to depend
on the experimental system and the isoform of p38 that is ex-
amined; however, some evidence suggests an antiapoptotic
function for this signaling pathway, probably via modulation of
NF-kB activity (23, 52). It has been reported that p38 activa-
tion correlates with cell survival of anchorage-deprived fibro-
blasts (30), in agreement with its reported role in promoting
cell cycle progression in the same experimental system (43).
However, apoptosis (either triggered by loss of attachment or
inhibition of Racl or Cdc42 signaling) is not simply a conse-
quence of p38 inhibition, since a pharmacological inhibitor of
this kinase is not toxic to cells (30) (data not shown).

In our experimental system, Erk activation and nuclear
translocation are clearly required for apoptosis. This situation
is unusual but not without precedent (25, 57), suggesting that
the cellular response to Erk activation depends strongly on the
physiological context of the cell. For example, apoptosis caused
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FIG. 10. High-intensity Erk signaling protects cells from apoptosis induced by Racl or Cdc42 inhibition. (A) Exponentially growing MEFs were
cotransfected with Raf-CAAX- and HA-tagged Erk2-encoding vectors. After 24 h, cells were collected, and Erk activity was measured by an in vitro
kinase assay after immunoprecipitation with an anti-HA antibody. (B) Cells were transfected with the indicated constructs. After 48 h, apoptosis
was measured by Annexin V labeling of the transfected subpopulation. Data represent means and SDs of six measurements from two independent

experiments.
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by the loss of anchorage in the fibroblastic cell line CCL39 is
inhibited by exogenous Erk activation via an estrogen-induc-
ible chimeric protein, Raf-1-ER (31). Interestingly, Raf-1-ER
signaling rescues epithelial MDCK cells from a variety of apo-
ptotic stimuli, despite the fact that it also promotes apoptotic
signaling via transforming growth factor B secretion (32).
These data link Erk to cellular survival in this particular con-
text of robust and sustained Erk activation. In contrast, it has
been demonstrated (30) that modest Erk activation is essential
for apoptosis in response to the loss of anchorage in primary
mouse fibroblasts. This discrepancy is likely due to differences
in cell type and physiology. One important element is the p53
tumor suppressor, which is essential for apoptosis resulting
from the loss of anchorage of both immortalized and primary
mouse fibroblasts. Accordingly, CCL39 cells appear to express
a mutant form of this tumor suppressor (unpublished data). An
additional difference between the two experimental systems is
the intensity of Erk activation, and there is ample precedent
for both the strength and the duration of Erk signaling deter-
mining cellular destiny (26, 44, 53, 58). Strong Erk activation,
which rescues suspension-grown CCL39 and MDCK cells from
anoikis (31, 32), also signals survival in adherent fibroblasts
deprived of Racl or Cdc42 signaling. On the other hand, Erk
activation in anchorage-deprived MEFs, which is associated
with apoptosis, is modest, typically not exceeding a factor of 2
compared to the level observed in cells grown under normal,
anchorage-dependent conditions.

The intensity of signaling through a kinase cascade is related
in part to the origin of the signal. Our data clearly demonstrate
that, in the case of Erk activation by the extinction of Racl or
Cdc42 signaling, the signal contributes to the MAPK pathway
at the level of Raf by a mechanism not inhibited by RasN17.
We interpret the lack of Erk activation observed in the pres-
ence of the NB-Raf construct as being due to a direct inhibi-
tion of endogenous Raf, rather than to titration of Ras. In-
deed, independent of its ability to bind Ras-GTP, the N
terminus of Raf can also inhibit endogenous Raf through a
direct interaction with the catalytic domain of the kinase,
thereby mimicking intramolecular inhibition of the C-terminal
catalytic domain by the N-terminal regulatory domain (10).
Therefore, we assume that the mutant used in this and other
studies (6, 17) is able to inhibit endogenous Raf, whatever the
status of Ras GTP loading. Consequently, the results obtained
with the NB-Raf mutant are not in contradiction with those
obtained with the RasN17 mutant and are in agreement with
interference of Akt with the Erk pathway at the level of Raf
rather than Ras.

Most often, extracellular signals activate the Erk pathway via
Ras activation, which recruits Raf to the membrane, where it is
subsequently activated by phosphorylation (reviewed in refer-
ence 37). However, alternative mechanisms for Raf activation
exist. For example, all three isotypes of protein kinase C (con-
ventional, novel, and atypical) have been described to activate
the Erk pathway either independently of Ras (50) or via Ras
but through a mechanism insensitive to inhibition by the dom-
inant-negative form of this GTPase (36).

Another mechanism of Ras-independent, Raf-dependent
Erk activation involves signaling through PI(3)K (8, 28, 55).
PI(3)K has been reported to act both upstream and down-
stream of Rho GTPases (reviewed in reference 3). It controls
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the activation of Racl (45), which in turn can activate the PAK
family of serine/threonine kinases (33). Some members of this
family can phosphorylate Raf-1, leading to the activation of the
Erk cascade (28, 55). Certain steps in this pathway are not
clear, however, since Racl has never been shown to activate
Erk. On the other hand, PAK has recently been reported to
play a major role in relaying anchorage-dependent protein
kinase A signaling to Erk (22). Furthermore, PI(3)K has been
reported to attenuate Raf activity through its downstream ef-
fector, Akt (20, 46, 59). Akt can physically interact with and
phosphorylate both Raf-1 and B-Raf, on serine 259 for the
former and on multiple residues for the latter, resulting in
inhibition of their activity in a cell type- and differentiation
stage-specific manner. In our experimental system, the phos-
phorylation of Rafl on serine 259 by activated Akt can be
demonstrated with 293 cells but not with MEFs (data not
shown). This could be due to a technical problem of assay
sensitivity, since MEFs express significantly lower levels of Raf
than 293 cells. Alternatively, serine 259 phosphorylation might
not be involved in the modulation of Raf activity by Akt in our
experimental system. Our results strongly support the notion of
a functional relationship between Akt and Raf in anoikis, with-
out addressing the mechanism of this regulation. We show
that, for mouse primary fibroblasts, the constitutively active
forms of either Racl or Cdc42 activate Akt in a manner de-
pendent on PI(3)K activity, confirming that the previously de-
scribed link between these Rho GTPases and Akt (18, 38) also
operates in primary cells. Furthermore, the loss of Akt activity
in anchorage-deprived cells as well as in adherent cells upon
inhibition of Cdc42 or Racl signaling, is instrumental in induc-
ing apoptosis, since cell death is inhibited by forced expression
of activated Akt. One downstream target of Akt signaling is the
Erk cascade, more precisely, the MAPK kinase kinase Raf.
Our results demonstrate that, at least for primary fibroblasts,
activation of Erk following Akt downregulation is essential in
apoptosis induced by the loss of Rho GTPase signaling.

Several questions are raised by the concomitant existence of
both positive and negative signals leading from PI(3)K to Erk.
It has been argued that such a mechanism might be important
for the fine-tuning of the activation signal (49), implying that
the signal intensity is a major determinant of the cellular re-
sponse. Alternatively, a cell might not use all the transduction
mechanisms available. In support of the latter idea, PI(3)K in
adipocytes is stimulated similarly by exposure of cells to both
insulin and platelet-derived growth factor (39), but only insulin
leads to a substantial stimulation of Akt. Such specificity of
signaling has been correlated with the distribution of PI(3)K
lipid substrates, but it is likely to also depend on the seques-
tration of signaling molecules to scaffolding complexes (recent-
ly reviewed in reference 5).

Yet another consequence of the intricacies of the cross talk
between several signaling pathways is exemplified by our re-
sults. The current paradigm for the Ras superfamily GTPases
is their oscillation between the active, GTP-bound state and
the inactive, GDP-bound form. However, the discovery of neg-
atively regulated effectors, including the Erk cascade, sheds
new light on the underlying mechanisms of signal transduction
by these GTPases. Indeed, the loss of the GTP-loaded form
leads to an alleviation of inhibitory signaling that ultimately
results in the initiation of a positive signal. This argument does
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not necessarily imply interactions of the GDP-bound form with
distinct molecular partners. Interestingly, an activity specific
for the GDP-bound form of Ras has recently been described
(54). An even more clear-cut situation exists in yeast, where
GTP-bound and GDP-bound forms of the Ras-related small
GTPase Budl bind to distinct partners and form different
multiprotein complexes, both essential for bud site selection
(42). Although our data do not support such a model in the
regulation of anoikis, the results reported here delineate a
novel signaling pathway, which initiates at Rho family GTPases
and controls apoptosis via the PI(3)K-Akt and Erk cascades
and the p53 tumor suppressor.
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